Abstract: This review of 53 references deals with the uses of zeolites and zeolite-based materials for developing gas sensors. The potential of these materials is highlighted and avenues for further research are suggested.
Introduction
Zeolites are composed of a framework of tetrahedral TO 4 building units (T=Si, Al, etc.). The tetrahedral TO 4 units link with each other by sharing oxygen atoms to form three-dimensional crystalline porous skeletons. The T-O-T links result in a variety of rings, which are responsible for zeolites' cages and channels of different window sizes. Within the framework structure, the A1 3+ atom at the center of an AlO 4 tetrahedron connects to a neighboring SiO 4 tetrahedron by sharing an O atom, and thus generates a negative framework charge which is balanced by an exchangeable cation, such as an alkaline or alkaline-earth cation and thus, the property of ion exchange is provided [1] . By means of ion-exchange with different cations, the pore size, the ion conductivity, the adsorption and catalytic selectivity of zeolites can obviously be modified. The pores and the cages with certain window sizes within a zeolite's framework allow some molecules to pass through and others to be excluded, and result in a molecular sieve effect ( Figure 1 ). Zeolites usually possess three, two or one dimensional channel systems, and the window sizes are in the 0.3-1.5 nm range. For example, FAU type zeolite has three dimensional 0.74 nm channels with 12 oxygen ring windows and supercages of 1-2 nm of diameter (Figure 2 ), FER zeolite has two dimensional channels, 10 oxygen ring channels with 0.54 nm×0.42 nm windows and 8 oxygen ring channels with 3.5 nm×4.8 nm openings ( Figure 3 ) [2] . The Si/Al ratio in a zeolite's framework can usually be effectively adjusted, and by changing the framework Si/Al ratio of the zeolite, the ion-exchange capacity and conductivity, the interaction between the zeolite and the adsorbed molecules, and the modification of hydrophilic or hydrophobic properties can all be changed. The zeolites with low silica contents are hydrophilic, and are usually used as drying agents for absorbing steam, whereas hydrophobic high siliceous zeolites are used for absorbing organic molecules from humid air or water. In principle, varying the framework Si/Al ratio of zeolites greatly changes the adsorption selectivity towards molecules with different polarity.
With their excellent chemical and thermal stability, zeolites can be used as a substrate to prepare compounds and devices with desirable fundamental physical and chemical properties. For example, inorganic or organic compounds, metal and metal-organic compounds and their clusters can be assembled into the pores and the cages in zeolites. Some nano-sized metal or metal oxide particles have been successfully inserted into the caves and the pores or highly dispersed on the external surface of zeolites.
Some applications of zeolite materials in gas sensors have been developed based on the characteristics mentioned above: 1) Assembly of a compound specifically sensing a gas into zeolite cages or channels, for example, encapsulating ruthenium (II) complexes inside zeolite supercages as an oxygen sensor, inserting methylene blue into zeolites for optical humidity sensing or assembling LiCl into zeolites as humidity sensors; 2) Fixing of zeolites on quartz crystal microbalances (surfaceacoustic-wave, microcantilever, or optical fiber) for sensing some gases by selective absorption; 3) Changing the conductivity of zeolites due to the absorbance of some gases for making sensors based on impedance spectroscopy measurements; 4) Placing zeolites onto sensors as filter materials for enhancing the selectivity to a certain gaseous molecule; 5) Immersing zeolites into some materials or supports forming composites for making sensors, such as the conductivity of polyaniline/zeolite composites responsive to CO, SnO 2 /zeolite composites responsive to H 2 and CO (Table 1) . [ [41] [42] [43] [44] The applications of zeolite materials have been reviewed previously [3] [4] [5] , but there have been no reports covering the uses of zeolite-based materials for gas sensors. This review would fill a gap by summarizing the applications of zeolite materials in some important gas sensor uses in recent years, and call scientist's and engineer's attention to the great potential of these materials.
Sensors

O 2 sensors
Sensors for detecting and measuring oxygen in gaseous phase or in solution are very important in the field of chemical sensors and biosensors. The zeolite-based materials used for this purpose include the ruthenium (II) bipyridyl complex (Ru 2+ (bpy) 3 ), which was prepared inside the supercages of a FAU type zeolite, and is an excellent fluorescent oxygen probe. The prepared sensor materials were tested with respect to the quenching of luminescence intensity by molecular oxygen, resulting in measurable responses oxygen. The materials have long-term stability under various conditions with a measuring range of 0-760 Torr, among which the 0 ~ 200 Torr region presents very good resolution. Both the quenching efficiency and the long-term stability of the Stern-Volmer quenching constant are tremendously improved in comparison with other sensors where the fluorophore is absorbed onto the surface of either a zeolite or silica gel [6] . The highly siliceous zeolitic framework leads to a hydrophobic environment and promotes oxygen transfer from water to the zeolite. The [Ru(bpy) 3 ] 2+ /highly siliceous FAU zeolite material is a good candidate for use as a dissolved oxygen sensor [7, 8] .
A continuous zeolite film covering the entire sensor surface was designed and prepared on the surface of oxygen sensors, which selectively limits gas exposure on the sensing surface or enriches oxygen. The oxygen is pre-adsorbed/entrapped on/into the zeolite. The results proved that the desirable levels of "oxygen-enhancement" had been achieved, and the measurement precision for oxygen containing gases had been improved in these sensors [9, 10] .
CO and CO 2 sensors
A practical CO 2 gas sensor for air quality control has been developed by using a zeolite as a filter material combined with a solid electrolyte of Na 3 Zr 2 Si 2 PO 12 (NASICON) and Li 2 CO 3 . The electromotive force of the sensor shows a linear relationship with the logarithm of CO 2 concentration. The sensor with zeolite as a filter material minimizes the effect of interfering gases on the sensor's electromotive force, and shows very little deterioration of its response to CO 2 [11] . A composite material of FAU type zeolite-Metglas can be used in gas-sensing applications, in which a continuous film of FAU zeolite was synthesized on a Metglas magnetoelastic strip using a secondary growth method. The sensor made of composite presents the ability to remotely sense carbon dioxide in a nitrogen atmosphere at room temperature over a wide range of concentrations by monitoring the changes of the resonance frequency on the strip. The zeolite-Metglas composite can also be used as a sensor for a specific gas analyte in a mixture on the condition that the composite possess much higher selectivity of adsorption towards that gas than other components in the mixture [12] . Siliceous FER type zeolites, possessing a prominent ethanol-filtering effect, was coated on a sensing layer of La 2 O 3 -Au/SnO 2 ceramics for reducing the C 2 H 5 OH interference. The sensor based on the ceramic coated with the zeolite presents high selectivity towards CO among H 2 , CH 4 , i-C 4 H 10 , C 2 H 4 , and C 2 H 5 OH. As a result, a CO selective gas sensor was obtained, which has a sensitivity towards CO over ten times higher than that towards other gases at about 573K [13] .
A composite polyaniline/zeolite material can also be used as a CO sensor [14] . The material exhibits an electrical conductivity response to CO, which is related to the content, pore size and ion exchange capacity of the zeolite, dopant type and concentration. Adding 40% w/w of NaA (4Å) zeolite reduces the electrical conductivity response, but improves the sensitivity towards CO. This concentration is evidently below the percolation threshold value, which is estimated to be above 50% w/w. The composite with KA (3Å) zeolite has a comparable sensitivity value relative to that of pure polyaniline. The composites of both zeolites have greater sensitivity values compared to that of the pure polyaniline in the 16 ~ 1000 ppm CO concentration range. CaA (5Å) zeolite is the most effective porous material in promoting the interaction between CO and polyaniline because that zeolite possesses the largest pore size in LTA type zeolite compared with KA and NaA [15] .
NH 3 and amine sensors
Ammonia gas sensors using proton conductive zeolites and measuring impedance spectroscopy have been developed [16] [17] [18] [19] . NH 3 promotes the conduction of a proton in H form in zeolites and increases the specific conductivity proportional to the NH 3 concentration, at the same time that it decreases the corresponding activation energy. In order to extend the use of proton conductive zeolites in gas sensing applications, the effects of methylamine and dimethylamine on the proton conductivity were studied in H-ZSM-5 (SiO 2 /Al 2 O 3 =50) by measuring impedance spectroscopy [16] . A surface plasmon resonance (SPR) sensor with a thin film of LTA type zeolite on a gold surface was prepared via the thiol-alkoxysilane interfacial layers, and investigated by detecting butylamine as a malodorous substance. The anchored zeolite layer was exposed to butylamine, and the shifts of the incident angle (Delta theta) were observed. The Delta theta increased linearly with the gas concentration in the 0% 1 % region [20] . The sensitivity depended on the type of zeolites in the order of 13X zeolite > 5Å zeolite ≈ mordenite > ZSM-5. A zeolite-containing coating on a surface-acoustic-wave (SAW) sensor was also developed for detecting ammonia. The frequency of the SAW sensor increases in the reaction of ammonia in a humid atmosphere with the zeolite-containing coating. In ambient air with humidity higher than 10%, a selective determination of ammonia was provided at a level of tenths of a percent [21] .
NO and SO 2 sensors
Different types of zeolites, such as zeolite A or silicalite-1 were deposited on one arm of a quartz crystal microbalance (QCM) oscillator, and another arm without deposited zeolites was used as the reference. The balance was exposed to a single gas such as NO, SO 2 and H 2 O mixed with He at 443 K. The frequency shifts and their differential values vs time were measured. Both the shifts and the values were tested to elucidate which was more useful to quantify, and which of these single gases could be used as principal component. Based on these results, mixtures of NO and SO 2 gases in He of various compositions were examined. The results suggested that the sensor system with the differential values, which represent sorption-kinetics instead of the frequency shifts representing sorption-equilibria, overcame the disadvantages of the conventional QCM sensors and showed favorable qualification and quantification performances for the gas mixtures [22] . A thin layer of FAU type zeolite was synthesized on the QCM with an Au electrode, and applied as a SO 2 gas sensor. When SO 2 gas molecules are adsorbed on the zeolite layer, the mass increase reduces the frequency of the QCM. The frequency shift of the QCM is proportional to the amount of SO 2 adsorbed, resulting in a use for measuring the gas-phase concentration [23] . The NO sensor is based on a potential response to the gas, which is exposed on an electrochemically active interface of yttria stabilized zirconia with a zeolite (YSZ). The zeolite plays the role of promoting the NO/NO 2 equilibrium prior to the gases reaching the interface [24, 25] . The mixed potential generated is logarithmically related to NO in the concentration range of 0~1000 ppm at 773 ~ 973 K. The microporosity of the zeolite makes it permeable to oxygen, thus minimizing the interference of this species.
Hydrocarbon and organic molecule sensors
A quartz crystal microbalance with immobilized ZSM-5 zeolite films has been developed as a sensor for the nerve agent simulant dimethylmethylphosphonate (DMMP) [26] . Frequency shifts related with different concentrations of DMMP were measured. The ambient frequency shift vs time was examined with 1 ppm, 5 ppm and 20 ppm of DMMP, respectively. A minimum detectable concentration of 1 ppm DMMP has been obtained in N 2 at 293 K. In order to improve the selectivity of the sensor towards DMMP in the presence of other organic gases, zeolite films with different pore size such as MFI type zeolite and Ag + -modified ZSM-5 zeolite were studied. A frequency shift of the films in response to acetone and ethanol at a concentration of 1 ppm were observed. An application of the quartz crystal microbalance modified with Ag + -ZSM-5 zeolite for detecting acetone in nitrogen was developed [27] . The concentration of acetone in diabetics' breath can be measured. The minimum detectable concentration of acetone vapor was 1.2 ppm, and a lower detection limit lower than 0.26 ppm has been identified in the application for the diagnosis of diabetes. Piezoelectric sensor devices (QCM) with < 100 nm of LTA and BEA type colloidal zeolites were used as micro-sensors for water and organic compounds [28] . The importance of the zeolite's structure type with respect to the sensitivity towards different organic and water vapors at various concentrations was discussed. In comparison to LTA, the BEA type zeolite film shows a higher sorption capacity towards water vapor and no rejection of pentane, hexane and cyclohexane, due to the larger pore size of the zeolite. A piezoelectric micro-cantilever coated with MFI type zeolite has been developed as a freon gas sensor [29, 30] . Excited by AC voltage, the micro-cantilever was employed to detect the concentration of freon-12 gas in the range of 0 ~ 100 ppm by the modifying effect of the zeolite. High selectivity and sensitivity, combined with excellent repeatable and reversible performances have been exhibited with a linear relationship between the frequency shift in percent and the concentration of freon gas. The minimum mass change of 3.5 x 10 -9 g and the sensitivity of -0.0024%/ppm were determined [29] .
Optical fiber sensors coated with zeolite have been developed for in situ detection of organics [31, 32] . The sensors operate by monitoring the changes of optical reflectivity caused by the selective adsorption in the zeolite pores of organic molecules, i.e., 2-propanol or pentanoic acid, from aqueous solutions. Reversible and monotonic sensor signals were observed with fast responses to the variation of 2-propanol concentration in water. However, the sensor responding to pentanoic acid is much slower than that for 2-propanol. Substitution of Si by Al in the MFI framework increased the adsorption of pentanoic acid, resulting in an enhancement of the sensor response [33] . A thin film of polycrystalline silicalite grown on the cleaved end face of a standard single-mode optical fiber has been successfully demonstrated for measuring the concentration of isopropanol vapor in mixtures with nitrogen [32] . ATR (attenuated total reflection) elements coated with silicalite-1 zeolite have been fabricated as a sensor for n-hexane. The zeolite film micropores enrich the analyte on the probe surface, and increase the sensitivity. At 6 x 10 -5 of the relative pressure for n-hexane in helium, the sensitivity of the probe for the zeolite coated element is approximately 85 times higher than that of a 10 cm transmission gas cell, and ca. 180 times higher than that for an uncoated element. The performance of the probe is illustrated by the adsorption isotherm of n-hexane on the zeolite [31] . A Na + ion conducting ZSM-5 zeolite was applied as the sensitive phase in a potentiometric gas sensor consisting of the Au/(Na 2 CO 3 ,BaCO 3 )/zeolite/Au cell, where the Na 2 CO 3 /Au system serves as the reference electrode. The cell voltage showed a linear response to the changes of the logarithm of propane partial pressure (200-4000 Pa) in CO 2 /O 2 /N 2 at 673 K. A mechanism was proposed based on the changes of Na or Na + activity in the zeolite pores due to hydrocarbon sorption. An independent effect is a weak response of the zeolite/Au electrode to O 2 and CO 2 due to the formation of oxide and carbonate [34] . The FAU type zeolite doped with platinum by ion-exchange has been used as a gassensitive layer material on a thin-film inter-digital capacitors (IDCs). The sensitivity of the zeolite-IDC sensor excited with AC voltage has been determined on the impedance response for C 4 H 10 , CO and H 2 in wet air [35] . A P-type semiconductor family of SrTi 1-x Fe x O 3 -delta with a perovskite structure has been used as the base material for a hydrocarbon sensor. A cover layer made of platinum-doped zeolite with catalytica activity has been proven to have an effect for reducing the cross-interference influence of some species. An initial model for explaining the sensing mechanism was proposed [36] . In order to improve the selectivity of metal oxide sensors, zeolites modified with chromium were used to control the selectivity to alkanes based on shape and size effects [37] . An electronic nose with powerful recognition ability toward gases is composed of a sensor array, which is constructed of several gas sensors. Each of them is a chromium titanium oxide (CTO) gas sensor combined with a catalysis layer on the respective type of zeolite. Many gas sensors based on the metal oxide semiconductor with Ptzeolite filter-TiO 2 have been developed. These sensors exhibit a selective response to hydrocarbons in the presence of CO [38] . Gas sensors of Pd-doped SnO 2 semiconductor covered with zeolitic films (MFI or LTA type) have been prepared and used for detecting different species (methane, propane, and ethanol) at different humidity levels. The dynamic responses presented by these sensors were compared with that of a reference sensor without the zeolitic layer. The results clearly indicated that a suitable zeolite layer strongly reduces the response of the sensor to paraffins. Thereby, the sensor selectivity towards alcohol increases, while the reference sensor could not discriminate between these molecules. This clearly shows the potential of zeolite-based sensors for achieving a higher selectivity/sensitivity in gas sensing applications [39] .
A shape-selective resistive gas sensor using a natural STI type zeolite (Stilbite) was investigated for detecting polar molecules [40] . The electrical impedance of the zeolite single crystals decreases at 353K in the presence of methanol, 2-propanol and 3-pentanol, but increases with increasing water and neo-pentanol vapor pressure. The interaction can be described by a Langmuir-type adsorption equation. Mobility effects due to stereo interactions in the zeolite channels have been used to interpret the conductivity response.
Oxide/zeolite composites for H 2 and CO sensors
A Nano-tin dioxide/NaY zeolite composite material was prepared by impregnation of SnCl 2 solution on NaY zeolite and subsequently calcination at 623-973 K. The nano-particles of SnO 2 formed on the external surface of the zeolite. The composite material possesses the adsorption behavior of zeolite's open and perfect channel system, and presents a linear hydrogen-sensitivity demonstrated by conductivity measurements [41, 42] . Nano-particles of SnO 2 have been embedded in the pores of FAU type zeolite (NaY) by chemical vapour deposition, ion exchange or impregnation followed by hydrolysis [43, 44] . These samples exhibited the most distinct decrease in the diffuse reflectance and highest rates for changes in the reflectance intensity during reduction with CO. The optical changes are correlated to the number of oxygen vacancies in the particles, i.e. the deviations from the original SnO 2 stoichiometry. In contrast to the reduction with H 2 , after reduction with CO all optical changes were completely reversible by addition of oxygen [44] .
The reversible redox behavior of titanium dioxide clusters trapped within a zeolite in reducing and oxidizing atmospheres (H 2 , CO, O 2 ) was studied by in situ diffuse reflectance UV/vis spectroscopy. Titanium oxide species, mononuclearly dispersed or as clusters with a particle size up to 2 nm, have been stabilized in the pores of molecular sieves by chemical vapor deposition (CVD) or ion exchange from aqueous solutions and subsequent calcination. The zeolite matrix maintains good stability for the highly dispersed Ti (IV) oxide species. The response time of the hosted Ti (IV) oxide species for the optical registration of the presence of H 2 in surrounding gas atmosphere decreased with the decreasing cluster size, and was the lowest for the mononuclear species with a highly distorted oxygen coordination sphere. In comparison to bulk TiO 2 , the response times of Ti (IV) oxide/zeolite composites were shortened by a factor of about 10, and were comparable to the values found on solidstate electrolyte sensors. Also, the changes in the ratio of CO/air among the mixture can be easily monitored [45] .
Humidity sensors
The novel zeolite guest/host material, LiCl/H-STI (stilbite) and LiCl/NaY assembly were synthesized by a thermal dispersion method. The LiCl guest was highly dispersed into the channels of the host at the threshold assembly loading. The LiCl/H-STI material with threshold loading was found to possess optimum humidity-sensitive performance with a linear change of four orders of magnitude in electrical conductivity over the whole range of relative humidity. In addition, it also showed satisfactory reversibility and fast responses to environmental moisture changes [46] [47] [48] . The LiCl loading strongly influences the humidity-sensitive properties of LiCl/NaY materials. The appropriate LiCl loading is 0.2 g/g (weight ratio of LiCl to NaY). Some disadvantages exist with the LiCl bulk material, including stability and durability issues at high humidity and at high temperature, contamination from dust or oil, etc., that have been overcome by use of the host-guest LiCl/NaY composite material [49, 50] .
Methylene blue (MB) encapsulated into the protonated MOR type (mordenite) zeolite (H-MOR) via ion exchange reaction was used for optical humidity sensing. The dye molecules are strongly retained in the channels of the zeolite and take part reversibly in the protonation/deprotonation reactions. The mechanism of the sensor is based on the protonation or deprotonation of the dye molecules which are associated with desorption or adsorption of water molecules by the zeolite, respectively. The spectral changes due to different humidity levels were probed by diffuse reflectance spectroscopy. The sensor presented a linear response range from 9 to 92% relative humidity with good stability and reversibility. The sensor operated at two bands, either of 650 or of 745 nm, but a higher sensitivity of the measurement performance was exhibited at 650 nm. The sensor provided relatively fast responses, and about 2 min of recovery time in the adsorption step and about 4 min in the desorption step for steam [51] .
Films of LTA type zeolite on mass sensors (quartz crystal microbalances) were prepared and used for humidity microsensors. The zeolite's films are hydrophilic, thermally stable, and show reproducible responses. These films can be used effectively as humidity sensor materials for water vapor sensing purposes. High sensitivity, good reversibility, and long film life have been demonstrated at low steam concentrations [52] . For enhancing the sensitivity of the micron scale sensor devices, the ideal materials for loading are zeolites with high specific surface area and high selectivity towards water molecules. As an example, the experimental data of humidity sensing on a few single crystal zeolites attached to a cantilever sensor were presented [53] .
Conclusions
The zeolite-based materials used in gas sensors have received great attention. The high and selective absorption properties of zeolites towards a specific gas greatly enhance the sensing selectivity for the gas. The compound or cluster sensing towards a gas assembled into the cages or channels of zeolites results in its high stability, and maximally elevate the sensing property of the materials. The application of composite materials partially composed of a zeolite, opens novel ways for choosing gas sensor materials as well. However, much more works remains to be done. Overall, we foresee that zeolites will become widely available materials for gas sensing in the next few years.
